This paper presents an impact dynamic analysis of a percussive system based on rotary-percussive ultrasonic drill (RPUD). The RPUD employs vibrations on two sides of one single piezoelectric stack to achieve rotary-percussive motion, which improves drilling efficiency. The RPUD's percussive system is composed of a percussive horn, a free mass, and a drill tool. The percussive horn enlarges longitudinal vibration from piezoelectric stack and delivers the vibration to the drill tool through the free mass, which forms the percussive motion. Based on the theory of conservation of momentum and Newton's impact law, collision process of the percussive system under no-load condition is analyzed to establish the collision model between the percussive horn, the free mass, and the drill tool. The collision model shows that free mass transfers high-frequency small-amplitude vibration of percussive horn into low-frequency large-amplitude vibration of drill tool through impact. As an important parameter of free mass, the greater the weight of the free mass, the higher the kinetic energy obtained by drill tool after collision. High-speed camera system and drilling experiments are employed to validate the inference results of collision model by using a prototype of the RPUD.
Introduction
As rock samples of asteroid are rich in geological information, which contributes to getting a deeper understanding on the origin of the universe, acquiring rock samples is now an important target in space exploration projects. Drilling is an important method for rock samples collection [1] [2] [3] [4] . In the existing sample drilling devices, ultrasonic drill is a kind of sampling device which can drill into the rocks under low weight on bit and low power consumption. Therefore, the ultrasonic drill has wider application prospect in space sampling under low-gravity environments [5] .
The developing process of the ultrasonic drill can be divided into two stages. In the initial stage, ultrasonic drill only has an impact function to break rocks, such as Ultrasonic/Sonic Driller/Corer (USDC) [6] [7] [8] , Ultrasonic Drill Tools (UDT) [9] , and Ultrasonic/Sonic Driller (USD) [10] . Late development of the ultrasonic drill adds with rotary function or torsional function [11] to improve drilling efficiency, such as Auto-Gopher [12, 13] , Percussive Augmenter of Rotary Drills (PARoD) [14] , Ultrasonic Planetary Core Drill (UPCD) [15, 16] , and Single Piezo-Actuator RotaryHammering Drill (SPaRH) [17] . The typical representative of the initial stage of ultrasonic drill is USDC, which consists of four parts: a piezoelectric transducer, a tuned horn, a free mass, and a drill tool. Tuned horn amplifies the vibration generated from piezoelectric transducer and delivers impact motion to the drill tool through free mass. USDC can quickly break into the rocks depending on the impact motion. Though impact motion is helpful to remove drilling chips in a certain extent, it is difficult to achieve chips removal effectively, especially when drilling to a certain depth. Torsional ultrasonic drill utilizes ultrasonic horn to generate longitudinal-torsional vibration to improve the drilling chips removal efficiency. However, the improvement of drilling efficiency is limited; the chips removal efficiency still needs to be improved. According to the difference of power mode, rotary ultrasonic drill can be divided into two types: motor-rotary and piezoelectric-rotary. Motor-rotary ultrasonic drill uses electromagnetic motor to rotate the drill tool to remove drilling chips, which raises the drilling efficiency effectively. Nevertheless, adding a motor to the ultrasonic drill may increase the degree of drilling, which also brings complication to the power supply. Piezoelectricrotary ultrasonic drill utilizes piezoelectric ceramics as the rotary and impact power, which has a more compact system structure and stronger environmental adaptability compared with motor-rotary ultrasonic drill. SPaRH is a representative of the piezoelectric-rotary ultrasonic drill, which consists of four parts: a piezoelectric transducer, a grooved horn, a keyed free mass, and a drill tool. The grooved horn translates longitudinal vibration of the piezoelectric transducer into longitudinal-torsional vibration. After receiving vibration from the horn, the keyed free mass makes the drill tool realize rotary-impact motion. However, as the rotary motion and impact motion of SPaRH are coupled together, it is difficult to adjust the rotation or impact parameters separately, which may limit the scope of application of SPaRH.
As is well known, the piezoelectric ceramics transmit vibration to both sides. The existing ultrasonic drill only uses the vibration on front side, and part of vibration on the back side is not used. In our previous work, a rotary-percussive ultrasonic drill (RPUD) based on one single piezoelectric transducer is proposed to drill into rocks in rotary-percussive motion, which uses the vibration energy on both sides of the piezoelectric ceramics [18] . Drilling experiment shows that the RPUD can raise the drilling efficiency of rock sampling.
To validate the energy delivering capability of the percussive system, the dynamic analysis of impact between the percussive horn, the free mass, and the drill tool needs to be carried out. Nowadays, the research on the collision process of percussive system can be divided into theoretical research and experimental research. In the research of [8] , integrated modeling method and finite element method are employed to analyze the impact contact between the ultrasonic horn and the free mass. But, there is no research on collision of the drill tool. According to the study of [19, 20] , it is assumed that the drill tool is fixed and the ultrasonic horn can move axially, and set-oriented method is chosen to analyze the drilling system with contact interfaces. However, there is lack of experiments to validate the collision model. Based on the paper of [21] , a drill rod is assumed to be consolidated with rock, solid body collision is used to analyze ultrasonic horn and free mass, and free mass and drill rod impact process, and the drill rod model for both undamped and damped states is discussed. And a spherical mass is studied only through experiment by the study of [22] . The effects of multiple free mass and single free mass on the impact force are tested through ultrasonic drilling experiments.
Above all, to the best knowledge of the authors, the research about the collision process of the free mass is mostly in the load condition of the ultrasonic drill, which means that ultrasonic drill breaks into rocks and the drill tool is fixed with the rocks. In order to describe the collision process of the free mass unit intuitively and clearly and eliminate the interference factors, this paper analyzes the free mass collision process under no-load condition. In this paper, the collision process of the percussive system is studied based on the RPUD. Using Newton's impact law, the collision model of percussive horn, free mass, and drill tool is established. As the weight of free mass has a significant effect on the energy transfer process, based on the collision model, the effect of weight of free mass on the kinetic energy of drilling tool under no-load condition is discussed as well. To verify the collision model, the vibration process of the percussive system under no-load condition is observed through highspeed camera. Motion parameters of free mass are extracted and analyzed. Moreover, the effect of weight of free mass on the kinetic energy of drilling tool is verified. In order to further confirm the validity of the collision model, the drilling experiments under load condition is carried out based on the RPUD.
The remaining sections of the paper are organized as follows. In Section 2 the structure and working principle of the RPUD are proposed. Section 3 presents a collision model of percussive system under no-load condition, including the collision model of the free mass with percussive horn and drill tool. In Section 4, the simulation of collision model is presented. High-speed camera system and drilling experiments are employed to evaluate the collision performance in Section 5. Finally, Section 6 concludes this paper.
Structure and Working Principle
The RPUD is proposed based on the vibration of piezoelectric ceramics on both sides. RPUD consists of PZT (piezoelectric ceramics of PbZrO 3 -PbTiO 3 system) ceramics, a rotary unit, a percussive unit, a sleeve, and a drill tool, as shown in Figure 1 (a). PZT ceramics are composed of four piezoelectric ceramics and placed between rotary unit and percussive unit.
The rotary unit is located on the back of the PZT ceramics and consists of a V type of longitudinal-torsional vibration coupling element (V-LT coupler) [23] , a rotor, and a preload spring. The bottom of the V-LT coupler is connected to the PZT ceramics by bolts. The rotor is engaged with the driving teeth of the V-LT coupler and the preload force is provided by the preload spring. The percussive unit is connected with the front of the PZT ceramics and is composed of a percussive horn, a free mass, and a restoring spring. The same as V-LT coupler, the bottom of the percussive horn is linked with the PZT ceramics by bolts as well. The free mass is fitted with the top of the percussive horn and the preload force is provided by the restoring spring, as shown in Figure 1 (b). The drill tool is composed of a spiral drill pipe and a drilling bit. The percussive horn, the free mass, and the drill tool constitute the percussive system of the RPUD. Preload force on the rotor is about 18 N, and the preload force on the free mass is about 5 N. The mass of the RPUD is about 590 g.
Based on the composition of RPUD system, ANSYS (ANSYS12.0, ANSYS Inc., Canonsburg, PA, USA) [24] is employed to establish the finite element model of the V-LT coupler and percussive horn (rotary-percussive composition), as shown in Figure 2 . The PZT ceramics use 33 working mode for the excitations of longitudinal vibration and are polarized along their thickness directions. the vibration modal analysis of the V-LT coupler and percussive horn is well matched with each other [25] , and the maximum vibration value is reached simultaneously.
After being excited by the voltage, the PZT ceramics transfer vibration to both sides simultaneously. The rotarypercussive composition synchronously reaches the resonance state and drives the drill tool to realize the rotary-percussive motion, respectively. Figure 4 shows the detailed working principle of rotary unit and percussive unit. When the rotary unit receives the vibration from the PZT ceramics, V-LT coupler transforms longitudinal vibration into longitudinaltorsional vibration and an elliptical motion is formed on the top of driving teeth of the V-LT coupler. With the preload force provided by preload spring, friction is generated on the contact surface between the driving teeth and the rotor, which drives the rotor to rotate continuously. In the percussive unit, the percussive horn enlarges the longitudinal vibration from the PZT ceramics and passes the vibration to free mass. Then, the free mass transmits the percussive vibrating energy to the drill tool based on the continuous impact movement with the drill tool. Since the driving voltage changes in accordance with the sinusoidal period, the rotary unit and the impact unit also drive the drill tool to carry out periodic movement, which follows the sequence of (a)-(b)-(c)-(d).
Collision Model of Percussive System
In the percussive system work process, after being excited by resonance voltage, the PZT ceramics generate a first longitudinal vibration mode and drive percussive horn which produces longitudinal vibration. As the percussive system is composed of the percussive horn, the free mass, and the drill tool, the percussive horn transmits vibrations at an ultrasonic frequency to the free mass, and then free mass delivers the vibration to the drill tool. The percussive motion of the drill tool is achieved by the collision process with the free mass. The collision of free mass is a highly nonlinear motion, which contains lots of influencing factors. In order to describe the motion of free mass more clearly, some secondary factors need to be ignored. So, some assumptions should be made before establishment of the free mass collision model.
(1) The PZT ceramics are fixed at the nodal plane, the displacement of percussive horn is a simple harmonic vibration, and the vibration process is not affected by the collision of free mass.
(2) The rotary-percussive ultrasonic drill works in noload condition, and the drill tool can vibrate freely along the axial direction.
(3) In the collision modeling process, effect of friction force between the free mass, the percussive horn, and the drill tool is ignored.
(4) The centroid of the percussive horn, the free mass, and the drill tool are coaxial during the collision process.
(5) There is no aerodynamic drag, and the coefficient of restitution is a constant.
The collision process between the free mass, the percussive horn, and the drill tool is shown in Figure 5(a) . Tip of the percussive horn makes a simple harmonic vibration under the driving of the PZT ceramics. The free mass vibrates between the percussive horn and the drill tool, passing the vibration energy. The modeling of the collision process between the free mass, the percussive horn, and the drill tool is shown in Figure 5 drill tool, and the middle ( ) is the vibration of the free mass. In the coordinate system the OX direction is the center line direction of the percussive horn vibration displacement, and the OY direction is the initial displacement direction of the percussive system. The initial interval between the percussive horn and the drill tool is 0 . The motion of the percussive horn can be written as
where 0 is the vibration amplitude of percussive horn and is the vibration frequency. So, the velocity of the percussive horn can be given aṡ
The initial time of the calculation is assumed to be −1 . After the collisionwith the percussive horn, the free mass velocity iṡ− 1 .
Calculation of the Collision Time between Free Mass and
Drill Tool . The vibration parameters of free mass at time of −1 can be written as̈(
where is acceleration of gravity. As one assumes the OY direction is positive, is negative after −1 . The vibration equation of free mass after −1 is
After −1 , free mass accelerates the velocity to the drill tool. And the velocity of the free mass can be given aṡ
In the percussive system, the motion of the drill tool is a free vibration with viscous damping. The equation of motion can be expressed as follows [26] :
where is viscous damping coefficient of the drill tool and 0 is equivalent stiffness coefficient of the drill tool. The equation of motion of the drill tool before the th collision can be written as
where
is the natural frequency of the drill tool without damping, = √(1 − 2 ) , and = /2 V .
At moment, the contact condition of the free mass with the drill tool can be given by
That is,
6 Shock and Vibration By solving (9) is obtained. The velocity of the free mass and the drill tool before collision can be obtained by substituting in the velocity equation of the free mass and the drill tool. The velocity can be expressed aṡ
The collision process of the free mass and the drill tool satisfies the momentum conservation theorem, which can be written as [27] 
where V is the mass of the drill tool and is the mass of the free mass.
The coefficient of restitution 1 between the free mass and the drill tool can be given by [28] 
So, the velocity of the free mass and the drill tool after collision of the time can be expressed aṡ
Percussive Horn . The vibration parameters of free mass at time of can be written as̈(
The vibration equation of free mass after is
. (15) After , free mass decelerates the velocity to the percussive horn. At moment, the contact condition of the free mass with the percussive horn can be given by
By solving (17) is obtained. The velocity of the free mass and the percussive horn before collision can be obtained by substituting in the velocity equation of the free mass and the percussive horn. So, the velocity can be expressed aṡ
The collision process of the free mass and the percussive horn satisfies the momentum conservation theorem, which can be given aṡ
The coefficient of restitution 2 between the free mass and the percussive horn can be given by
Considering that the percussive horn is the power source of the vibration system, it is assumed that the vibration of the horn is not affected by the collision process of the free mass. So, the velocity of the percussive horn and the free mass after collision of the time can be expressed aṡ
Analysis of Collision Model
In order to get a visual understanding of the collision process, MATLAB is employed for analysis of the collision model of the percussive horn, the free mass, and the drill tool.
To obtain the numerical solution of collision model, the initial parameters of the collision system are given in Table 1 . The collision process through time between the free mass, the percussive horn, and the drill tool is obtained through calculation. Figure 6 shows the vibration displacement for the first 50 milliseconds of the percussive system. The vibration displacement for the first 20 milliseconds is shown in Figure 7 . The vibration frequency of the free mass is varied during the collision process, and the average collision frequency of the free mass is about 520 Hz. As the free mass and the drill tool are coupled together by the collision process, the vibration Shock and Vibration 7 of the drill tool follows with the free mass, which changes the state of vibration after each collision. The free mass converts ultrasonic-frequency small-amplitude vibration of the percussive horn into a lower-frequency large-amplitude vibration of the drill tool through the collision process.
To analyze the effect of the free mass on the energy delivering process, the kinetic energy of the drill tool is calculated after collision with different weight of free mass, as shown in Figures 8(a)-8(d) . It is observed that, with the weight of free mass changed from 2 g to 8 g, the kinetic energy of the drill tool after collision is also increased, and the increase of kinetic energy is linear with the weight of free mass.
Experiments
To verify the calculation results of the collision model, highspeed camera system and drilling experiments are employed to evaluate the vibration process of the percussive system.
Vibration Measurement Using High-Speed Camera System.
High-speed camera is a device for recording fast-moving motion, which can measure the movement state of objects [29] . To verify the collision model result, this paper uses the high-speed camera to measure the vibration process and analyze the nonlinear dynamic behavior of the free mass with percussive horn and drill tool. The test uses Phantom V12 high-speed camera, as shown in Figure 9 (a). In order to match the requirements of the tracking of free mass movement, the camera parameter of the high-speed camera is set to 5000 frames per second. Before test, it is necessary to identify the percussive horn, the free mass, and the drill tool, as shown in Figure 9 (b). High-speed camera is used to measure the percussive motion of the free mass between the percussive horn and the drill tool. The displacement and vibration velocity of free mass are extracted, respectively, as shown in Figures 10 and 11 . The maximum displacement of free mass is nearly 6 mm and the maximum vibration velocity is nearly 80 mm/s. In order to determine the frequency range of the free mass in the collision process, Fourier transform is performed on the time domain characteristics of the displacement of free mass. The corresponding frequency spectrum is obtained, as shown in Figure 12 . According to the spectrum, the vibration frequency of the free mass is mostly in the range of 0∼400 Hz, which is consistent with the previous theoretical analysis result.
To validate the effect of the weight of free mass on the percussive energy of the drill tool in the collision model, different weights of free masses are assembled into the RPUD, and the vibration velocity of the drill tool is measured with the help of the high-speed camera system. The average kinetic energy of the drill tool is measured and compared with the theoretical results in the collision model, as shown in Figure 13 . With the weight of free mass changed from 0 g to 8 g, the theoretical values and measured values of the kinetic energy of drill tool are gradually increased. It can be inferred that the larger the weight of the free mass, the greater the percussive kinetic energy delivered to the drill tool, which verifies the aforementioned collision model calculation results in Figure 8 . 225 V and exciting frequency of 19.95 kHz. Diameter of drill tool is 3 mm, the drilling time is 5 minutes, the weight on bit is 7 N, the drilling object is sandstone, and the drilling depth is observed under different weights of free mass, as shown in Figure 14 . The rotary-percussive drilling and percussive drilling results show that the drilling depth increases with the weight of free mass from 0 g to 8 g. As the weight becomes 8 g, the drilling depth reaches the maximum value. This is consistent with the previous high-speed camera vibration measurement results. The experiments also indicate that rotary-percussive drilling has higher drilling efficiency than percussive drilling, which validates the aforementioned advantages of the RPUD.
Conclusions
This paper proposed an impact dynamics analysis of the percussive system based on the rotary-percussive ultrasonic drill (RPUD). The proposed RPUD uses the vibrations on two sides of one single piezoceramic, with achieved rotarypercussive motion, which has higher drilling efficiency compared with percussive ultrasonic drill. The theory of conservation of momentum and Newton's impact law are employed to analyze the collision process of the percussive system under no-load condition. The collision process of the free mass between the percussive horn and the drill tool is analyzed, and the effect of the weight of free mass on the kinetic energy of drill tool is discussed as well. High-speed camera system and drilling experiments are used to verify the analysis results. In the collision process of the percussive system, the free mass transmits high-frequency small-amplitude vibration of the percussive horn into low-frequency large-amplitude vibration and delivers the impact energy to the drill tool which achieved the percussive movement of the drill tool. In the range of RPUD drive capability, increasing the weight of the free mass can effectively raise the kinetic energy of the drill tool during collision process.
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